Membrane-spanning, lectin-like proteins in the eukaryotic secretory pathway seem to operate qualitycontrol checkpoints by fine tuning protein exit or retention within each subcompartment.
The Golgi apparatus lies at the heart of the secretory pathway, and is a crucial sorting station for proteins destined for the cell surface and other intracellular compartments [10] . It comprises a central stack of fenestrated membranes abutted by tubulo-vesicular subcompartments that contain unique mixtures of resident enzymes and proteins. The intramolecular signals involved in the localization of proteins to the Golgi apparatus and other compartments in the secretory pathway are gradually being defined [11] . With the exception of those enzymes that have been shown to be involved in post-translational modification, however, the precise functions and mechanisms of action of many of these proteins remain obscure. One interesting clue to their function is the finding that the lumenal domains of many such proteins bind to specific carbohydrate structures.
Elegant studies by Helenius, Parodi and co-workers [5] [6] [7] showed that the endoplasmic reticulum (ER) resident proteins calreticulin and calnexin bind nascent, monoglucosylated glycoproteins as part of the process which ensures that only correctly folded proteins are allowed to exit the ER. Thus, calreticulin and calnexin behave as 'retention' lectins by binding newly synthesized, transiently glucosylated proteins and preventing entry into ER-derived transport vesicles. By contrast, other integral membrane proteins, such as the well-characterized mannose-6-phosphate receptor, behave as lectin-like 'cargo receptors'. The mannose-6-phosphate receptor binds glycoproteins bearing appropriately modified mannose residues on their N-linked glycans and delivers them to pre-lysosomal compartments from the trans-Golgi network [2] .
New lectins
More recently, evidence has emerged that other proteins localized to particular membranes along the secretory pathway may also act as lectins. One important biochemical marker of the early stages of the secretory pathway is ERGIC-53, a 53 kDa membrane protein predominantly located in the ER-Golgi intermediate compartment (ERGIC) [12] . The isolation and characterization of cDNA clones encoding the human, murine and Xenopus laevis orthologues of ERGIC-53 showed it to be a type I integral membrane protein that contains intra-molecular signals responsible for its appropriate location [12, 13] . Simultaneous characterization and cloning of a human mannosebinding protein led to the surprising discovery that it is identical in sequence to ERGIC-53 and has some similarity to certain animal and plant lectins [14] . Subsequent biochemical characterization of ERGIC-53 confirmed its lectin properties, showing an affinity for mannose sugars and a two-fold lower affinity for glucose and glucosamine residues [15] . Intriguingly, this ability to bind mannose residues is dependent on Ca 2+ concentration, suggesting that differences in Ca 2+ concentrations between ER and post-ER compartments may regulate the binding and release of ligands by ERGIC-53 [15] . Other modulators of ERGIC-53 interactions with terminally mannosylated glycoproteins might be mannosidases I and II. These enzymes remove terminal mannose residues from the core N-linked oligosaccharide units attached to glycoproteins early in the secretory pathway. Thus, an integral membrane lectin that recycles between early compartments along the secretory pathway [13] might function as a cargo receptor by selectively binding glycoproteins containing terminal mannose sugars; removal of these residues by mannosidases I and/or II would help to release proteins from ERGIC-53 in transit. Importantly, mannosidases I and II remove ␣1→2 linked mannose residues. This suggests that ERGIC-53 could discriminate between the ␣1→2 and ␣1→6 linked mannose sugars on N-linked carbohydrate structures.
VIP36 is another type I integral membrane protein with limited homology to plant and animal lectins (including ERGIC-53). VIP36 is a constituent of post-trans-Golgi network vesicle membranes [16] and has a lumenal domain that binds glycopeptides bearing galactose units [9] . This binding is dependent on divalent cations [9] , suggesting that VIP36 binding and release of ligands in vivo may be dependent on terminal modification of carbohydrate structures and Ca 2+ levels. Interestingly, vesicle biogenesis in the trans-Golgi network and fusion with target membranes depend critically on Ca 2+ concentrations [17] . VIP36 binding to glycopeptides is inhibited by N-acetylgalactosamine, and Fiedler and Simons [9, 18] suggest that VIP36 may sort O-glycosylated proteins, which contain Nacetylgalactosamine residues, at the point of exit from the trans-Golgi network.
Most O-glycosylation, however, results in blockage or substitution of N-acetylgalactosamine with glucose, N-acetylglucosamine or other sugars, leaving few, if any, terminal N-acetylgalactosamine residues. One possible function of VIP36, therefore, is to recycle incorrectly or incompletely glycosylated proteins containing free, terminal N-acetylgalactosamine residues to earlier compartments for the correct carbohydrate modifications to occur before secretion. ERGIC-53 may also function to retrieve incorrectly glycosylated proteins along the secretory pathway. Alternatively, both proteins might function as 'cargo receptors' for the transport of correctly glycosylated proteins in anterograde transport vesicles. To test these hypotheses, it will be necessary to investigate further the ligand-binding properties of these lectins.
Quality control
The finding that lectins with apparently different carbohydrate specificities are located in specific membranes along the secretory pathway suggests an additional level of quality control on protein secretion. Cytosolic and lumenal machinery may effect protein secretion by a process akin to that of distillation [4] ; however, resident lectins within each compartment may further regulate this process by transient interactions with incorrectly glycosylated and/or folded proteins. The net effect would be to ensure effective secretion or exit only of correctly glycosylated proteins; partially or incorrectly glycosylated proteins that reach or escape from a specific compartment would be bound by a specific 'retention' or 'retrieval' lectin until they receive the necessary modification by enzymes in that compartment.
This hypothesis seems to be at odds with studies on wellknown mutant Chinese hamster ovary (CHO) cell lines defective for one or more N-linked glycosylation enzymes, which show that aberrantly N-glycosylated proteins appear to be secreted normally [3] . One explanation might be that anterograde transport of glycosylated proteins occurs even when transient interactions with 'retention' or 'retrieval' lectins slows the net rate of transport through the secretory pathway. Alternatively, lectin-mediated retention or retrieval mechanisms may be more important for O-glycosylated proteins. Some CHO mutant cell lines generated by Krieger and co-workers [19, 20] Correctly glycosylated proteins may be bound by 'cargo receptor' lectins, which act to concentrate newly synthesized proteins in anterograde transport vesicles. Studies in the mid-1980s on virally infected cells suggested that newly synthesized viral spike glycoproteins were actively concentrated in ER transport vesicles [21] . This was further supported by the more recent work of Balch and co-workers [22] . If so, the original default hypothesis might be only partially correct. Newly synthesized proteins might acquire carbohydrate modifications and progress to subsequent compartments by vesicular transport in the absence of specific signals; however, the packaging of proteins into transport vesicles is also regulated by the nature of the folding and glycosylation state of each protein.
Choices in the secretory pathway
How proteins are sorted to different destinations at the exit site of the Golgi apparatus -the trans-Golgi network -is key to understanding protein secretion. Before this point in the secretory pathway, proteins can go only forwards, backwards or stay in the same membrane. Once at the trans-Golgi network, the number of choices increases as proteins may be delivered to either the apical or basolateral surface membrane of a polarized cell, they may be delivered to destinations along the endocytic pathway, or packaged into regulated secretory vesicles. One hypothesis is that during regulated secretion, proteins that accumulate in dense-core secretory granules do so by a process of aggregation and protein condensation [17] . This process seems to be sensitive to pH and Ca 2+ levels, suggesting that the trans-Golgi network milieu may be crucial in protein sorting and dense-core secretory granule formation. But this does not explain why proteins and hormones are selectively sorted into different types of vesicle.
Simons and co-workers [8] have shown that the addition of N-linked glycosylation sites to rat growth hormone dramatically increases the efficiency of its secretion by the apical route in Madin-Darby Canine Kidney cells, suggesting that these N-linked carbohydrate moieties are recognized by cellular sorting machinery in the trans-Golgi network in these polarized cells. Other recent work by RodriguezBoulan and co-workers [23] showed sorting of viral glycoproteins into different vesicles at the trans-Golgi network en route to the cell surface in both polarized and nonpolarized cells. Intriguingly, this work also suggests that the cellular machinery in a non-polarized cell line discriminates between two constitutively secreted plasma membrane proteins before packaging and export from the trans-Golgi network [23] . These findings suggest that specific 'cargo receptors' or lectins may sort N-glycosylated proteins into the different transport vesicles leaving the trans-Golgi network.
Membrane-spanning mammalian lectins thus appear to function as sentinels stationed at specific exit sites along the secretory pathway, acting either to accelerate the transport of correctly processed glycoproteins or to delay the transport of their incorrectly processed counterparts. Proteins that receive the correct glycosylation in one compartment escape the embrace of the relevant 'retention' or 'retrieval' lectin, such as calnexin or calreticulin, and may be recognized by a specific lectin 'cargo receptor', such as VIP36. Incorrectly or incompletely glycosylated proteins, however, are detained by the relevant lectin until they are correctly processed, retrieved by retrograde transport to an earlier compartment, and/or targeted for degradation.
Such mechanisms would provide a framework for the fine control of temporal and spatial development in multicellular organisms by allowing them to regulate exquisitely the expression of cell-surface receptors and secreted proteins. The coordinated, differential expression of specific glycosyltransferases and lectins along the secretory pathway would allow a cell to influence the nature and rate of flow of secreted molecules in different tissues, thus influencing the way in which a cell interacts with its local environment and thereby affecting tissue morphology and function. The complexity of a multicellular organism does not arise by default; it may not be the case that "little girls are made of sugar and spice and all things nice", but the sugar may be more important than previously realised!
